We report the production of matter-wave solitons in an ultra-cold 7 Li gas. The effective interaction between atoms in a Bose-Einstein condensate is tuned with a Feshbach resonance from repulsive to attractive before release in a one-dimensional optical waveguide. Propagation of the soliton without dispersion over a macroscopic distance of 1.1 mm is observed. A simple theoretical model explains the stability region of the soliton. These matter-wave solitons open fascinating possibilities for future applications in coherent atom optics, atom interferometry and atom transport.
Solitons are localized waves that travel over long distances with neither attenuation nor change of shape as their dispersion is compensated by nonlinear effects. Soliton research has been conducted in fields as diverse as particle physics, molecular biology, geology, oceanography, astrophysics and nonlinear optics. Perhaps the most prominent application of solitons is in high rate telecommunications using optical fibers [1] .
We use a Bose-Einstein condensate (BEC) of a dilute atomic gas of lithium atoms as a macroscopic matter-wave to form a soliton. Nonlinearity is provided by binary atomic interactions leading to the mean-field potential U( r ) = gn( r ) = 4π
2 an( r )/m, where a is the scattering length, n( r ) the spatial density and m the atomic mass. For a < 0 the effective interaction is attractive and a trapped BEC is only stable for a number of atoms less than a critical number above which collapse occurs [2, 3, 4] . When the BEC is confined in only two directions, matter-waves have dispersion in the free direction due to their kinetic energy,
where k is the atomic wave vector. The balance between this dispersion and the attractive meanfield energy can lead to the formation of bright solitons as shown theoretically [5, 6, 7] . Up to now, only dark solitons have been observed in BEC's with repulsive interactions (a > 0) [8, 9] .
These solitons are characterized by a notch in the BEC density profile with a phase step across the soliton center. They propagate within the BEC with a velocity below the speed of sound, but so far are found to decay before reaching the edge of the condensate.
We report on the formation of a matter-wave bright soliton, a freely propagating self-bound atomic gas. The soliton is produced from a 7 Li BEC in the internal atomic state |F = 1, m F = 1 . In this state a Feshbach resonance allows us to continuously tune the scattering length from a positive to negative value by means of an applied magnetic field [10, 11] , a requirement for the production of a bright soliton.
In our experimental setup [12, 13, 14] , 4 × 10 8 7 Li atoms are loaded from a magnetooptical trap into a strongly confining Ioffe-Pritchard (IP) magnetic trap. Atoms are in the |F = 2, m F = 2 state for which the scattering length is a = −1.4 nm. Evaporative cooling lowers the temperature from 2 mK to 10 µK after which ∼ 6 × 10 5 atoms remain. Atoms are then transferred into a far detuned optical dipole trap at the intersection of two Nd:YAG gaussian laser beams ( Fig. 1 ) with common waists of 38(3) µm [15] . The 9.5 W laser power is split between the two beams using two acousto-optic modulators. We then produce a 7 Li BEC in the crossed dipole trap by forced evaporation achieved by lowering the depth of the optical trapping potential [18] . Between B = 0 and B = 590 G the scattering length is small (|a| ≤ 0.4 nm), hindering efficient evaporative cooling (Fig. 2) . x, y, z. We then tune the scattering length to zero to reduce 3-body losses.
In order to transform the BEC into a bright soliton, the trapping geometry is adiabatically Typically ω z = 2iπ × 78 Hz for B = 520 G. After an adjustable evolution time in the horizontal guide, the bias magnetic field is turned off and 400 µs later an absorption image is recorded (Fig. 3) where the formation of the soliton is seen.
We compare the evolution of an ideal gas (Fig. 3A) ), a ≃ 0 for B=520 G, with a gas with attractive interactions (Fig. 3B ,SFig. 3B), a = −0.21 nm for B = 425 G. In both cases the cloud drifts towards the left because of a small offset, ≃ 50 µm , between the maximum of the expulsive potential and the initial position of the atoms. The width of the expanding cloud in the horizontal waveguide is considerably broader in the non-interacting case, while for all times of observation the soliton width remains equal to the resolution limit of our imaging system, 9(1) µm axially [19] . The cloud contains 6(2) × 10 We then made measurements of the wave-packet size versus propagation time for three values of the scattering length: a ≃ 0, a ≃ −0.11 nm and a ≃ −0.21 nm (Fig. 4) . For a ≃ 0 (Fig. 4A) , the interaction between atoms is negligible and the size of the cloud is governed by the expansion of the initial condensate distribution under the influence of the negative curvature of the axial potential. The measured size is in excellent agreement with the predicted size of a non-interacting gas subjected to an expulsive harmonic potential: taking the curvature as a fit parameter (solid line in Fig. 4A ), we find ω z = 2iπ × 78(3) Hz, which agrees with the expected value of the curvature produced by the pinch coils [14] . For a = −0.11 nm and B = 487 G the size of the wave-packet is consistently below that of a non-interacting gas ( propagation without dispersion even in presence of the expulsive potential (Fig. 4C ). To theoretically analyze the stability of the soliton, we introduce the three-dimensional Gross-Pitaevskii energy functional
where the condensate wave-function Ψ is normalized to one. In Eq. 1 the first term is the kinetic energy responsible for dispersion, the second term is the interaction energy, which in the present case of attractive effective interactions (g < 0) causes the wave-function to sharpen, and the third term is the external potential energy. We introduce the following two-parameter variational ansatz to estimate minimal energy states of E GP :
where σ ⊥ and l z are the radial and axial widths of the wave-function. The functional form of the well-known 1D soliton has been chosen for the longitudinal direction [5] , while in the transverse direction a Gaussian ansatz is the optimal one for harmonic confinement. For each l z we minimize the mean energy over σ ⊥ ; the resulting function of l z is plotted (Fig. 5) For our experimental conditions and a = −0.21 nm, the number of atoms which allows the soliton to be formed is 4.2 × 10 3 ≤ N ≤ 5.2 × 10 3 , in good agreement with our measured number 6(2) × 10 3 . The expected axial size of the soliton is l z ≃ 1.7 µm, which is below the current resolution limit of our imaging system. To verify the presence of a critical value of (Na) e needed to stabilize the soliton, we have performed the measurements with the same a but with a reduced number of atoms, N = 2 × 10 3 . At 8 ms guiding time the axial size of the wave packet increased to 30 µm indicating that no soliton was formed.
One may speculate as to the formation dynamics of the soliton in the elongated trap before its release in the optical waveguide. As the atom number in the initial BEC, 2 × 10 4 , is about three times larger than the measured atom number in the soliton, it is likely that during the 50 ms phase where a is changed from 0 to negative values one or several collapses occur until the critical number for a stable BEC is reached. Indeed, the collapse time constant is predicted to be much less than 50 ms for our experimental conditions [21] . During the transfer into the 1D waveguide the BEC is transformed into a soliton and the non-condensed cloud is clearly observed at guiding times up to 6 ms as a broader background distribution. Non-adiabatic projection of the BEC from the confining onto the expulsive potential is expected to play a negligible role here according to numerical simulations [22] . At longer times the non-condensed atoms spread apart and become undetectable. Thus during the propagation phase the soliton decouples itself from the non-condensed fraction, resulting in a nearly pure soliton.
Finally, removal of the expulsive axial potential will allow us to significantly extend the stability domain towards lower values of N|a| and longer observation times. The soliton size could then be measured in situ, as well as its lifetime. The study of coherence properties of solitons and of binary collisions between solitons are immediate extensions of the present work.
